c Several prominent bacterial pathogens secrete nuclease (Nuc) enzymes that have an important role in combating the host immune response. Early studies of Staphylococcus aureus Nuc attributed its regulation to the agr quorum-sensing system. However, recent microarray data have indicated that nuc is under the control of the SaeRS two-component system, which is a major regulator of S. aureus virulence determinants. Here we report that the nuc gene is directly controlled by the SaeRS two-component system through reporter fusion, immunoblotting, Nuc activity measurements, promoter mapping, and binding studies, and additionally, we were unable identify a notable regulatory link to the agr system. The observed SaeRS-dependent regulation was conserved across a wide spectrum of representative S. aureus isolates. Moreover, with community-associated methicillinresistant S. aureus (CA MRSA) in a mouse model of peritonitis, we observed in vivo expression of Nuc activity in an SaeRS-dependent manner and determined that Nuc is a virulence factor that is important for in vivo survival, confirming the enzyme's role as a contributor to invasive disease. Finally, natural polymorphisms were identified in the SaeRS proteins, one of which was linked to Nuc regulation in a CA MRSA USA300 endocarditis isolate. Altogether, our findings demonstrate that Nuc is an important S. aureus virulence factor and part of the SaeRS regulon.
S
taphylococcus aureus is one of the most frequent causes of nosocomial and community-associated (CA) bacterial infections. The increasing frequency of methicillin-resistant S. aureus (MRSA) infections and the emergence of CA MRSA have added to the recent concern over this deadly pathogen (1, 2) . In particular, the CA MRSA strains of the USA300 pulsedfield gel electrophoresis type have expanded clonally across the United States, and these USA300 isolates can cause severe skin and soft tissue infections and necrotizing pneumonia (3) (4) (5) .
To be an effective pathogen and survive in the host, S. aureus secretes an array of tissue-degrading enzymes, toxins, and superantigens (6) . One of these enzymes, the secreted nuclease (Nuc), was first identified by Cunningham et al. in 1956 (7) , but it was only recently demonstrated that Nuc is important for S. aureus pathogenesis. Berends et al. determined that Nuc contributes to the severity of CA MRSA lung infection and evasion of neutrophil extracellular traps (8) . The production of Nuc is conserved across methicillin-susceptible S. aureus and MRSA strains (9) , and thus, it has been used as a marker for the direct detection of S. aureus (10) . We recently demonstrated that Nuc has an additional role in S. aureus as a modulator of biofilm formation (9) .
The regulation of S. aureus nuc gene expression has received only limited attention. While Nuc enzyme levels are known to be higher in sarA and sigB mutants (9) , it is often stated in the S. aureus literature that production of Nuc is under agr quorumsensing system control because diminished Nuc activity was observed in agr-defective strains (11) (12) (13) . However, multiple reports have provided preliminary observations that Nuc is actually regulated by SaeRS, a two-component system responsible for the production of a diverse array of secreted toxins, immunomodulators, and enzymes (14) (15) (16) (17) . Initial proteomic and microarray observations were reported by Rogasch et al. (17) that demonstrated the influence of saeS on Nuc expression in strains COL and Newman, and we made similar observations through microarray analysis of CA MRSA saeRS deletion mutants (14, 15) . However, these previous studies did not establish whether diminished Nuc production in sae deletion strains is direct or indirect and whether it occurs in vivo in an SaeRS-dependent manner. In the present study, we add to our knowledge of Nuc regulation in S. aureus and demonstrate that the SaeRS system is the dominant regulator of nuc transcription and enzyme production in vitro and in vivo. Additionally, we present evidence that Nuc contributes to CA MRSA pathogen survival during invasive S. aureus infection.
MATERIALS AND METHODS
Strains and growth conditions. The bacterial strains used in this study are described in Table 1 . Strains of S. aureus were grown and maintained in tryptic soy broth (TSB) or on tryptic soy agar (TSA). The antibiotic concentrations (in g/ml) used for selection of chromosomal markers or maintenance of S. aureus plasmids were the following: chloramphenicol, 10; erythromycin (Erm), 10; spectinomycin (Spc), 150; tetracycline (Tet), 5. Recombinant DNA and genetic techniques for plasmid and strain constructions were used as previously described (18, 23) . Reagents were purchased from New England BioLabs, Fisher Scientific, and Sigma unless otherwise indicated.
Strain and plasmid construction. PCR amplification of the saePQRS operon was performed on genomic DNA isolated from MW2 (AH843), Newman (AH1178), LAC (AH1263), and 18805 (AH1685) with primers CEF16 and CEF17. PCR products were gel purified with a gel extraction kit from IBI (Peosta, IA), digested with HindIII and XmaI, and ligated into pSKermϩMCS digested with the same enzymes. Plasmid pSKermϩMCS was generated by digesting the agrCA genes from pAgrC1agrA (24) with HindIII and XmaI. A multiple cloning site was synthesized with primers MEO63 and MEO64 and subsequently ligated into the digested vector at the HindII and XmaI sites. Oligonucleotides were synthesized by Integrated DNA Technologies (Coralville, IA).
Reporter fusion experiments.
For GFP reporter construct analysis, deletions in the agr (⌬agr::tetM) and sae (⌬saeQRS::spc) systems were constructed in an erythromycin-sensitive strain of USA300 (strain AH1263 [18] ). A deletion in sigB was constructed in the same genetic background with pKOR1-sigB as described previously (23) . Reporter plasmid pCM20 was transformed into AH1263 and the mutant strains, and cultures were grown overnight in TSB containing Erm. To measure promoter activity, the overnight cultures were diluted 1:100 in 5 ml of the same medium and grown at 37°C with shaking (200 rpm). At designated times, 200 l of culture was removed from each tube and transferred to a 96-well microtiter plate (Corning 3096). Fluorescence readings were recorded with a Tecan Infinite M200 plate reader with excitation and emission wavelengths of 480 and 515 nm, respectively. Cell growth was also measured on the basis of the optical density at 600 nm (OD 600 ) to calculate relative fluorescence values.
TaqMan real-time reverse transcription-PCR analysis. Relative quantification of S. aureus genes was done by measuring the difference between the expression of target transcripts and that of the housekeeping gene gyrB as previously described (14, 15, 26) . S. aureus total RNA was harvested during growth in TSB in the mid-exponential (OD 600 of 1.5) and early stationary (OD 600 of 2.0) phases of growth by lysis in RLT buffer (Qiagen), followed by RNeasy (Qiagen) column purification as described elsewhere (15, 26, 27) . For analysis during growth in TSB, the n-fold change was determined by comparing the expression of wild-type (WT) LAC and the sae-complemented strain to that of the sae mutant.
Nuc activity measurements and Western immunoblot assays. For protein immunoblotting and Nuc activity measurements, strains were grown in TSB for 15 h at 37°C. Cells were removed by filtration through 0.22-m filters, and spent medium was used for immunoblot assays and enzyme assays. Immunoblot assays for Nuc were performed with sheep anti-Nuc IgG conjugated to horseradish peroxidase (anti-Nuc-HRP conjugate; Toxin Technology, Sarasota, FL) as previously described (9) . Immunoblot assays for alpha-toxin (Hla) in spent medium were performed with sheep anti-Hla-HRP conjugate (Toxin Technology) as previously described (28) . Nuc enzyme activity was measured with a florescence resonance energy transfer (FRET) assay as previously described (9) . 5= RACE. Rapid amplification of 5= cDNA ends (5= RACE) analysis was performed as previously described (14, 29) , with the use of SuperScript III reverse transcriptase (Invitrogen Life Technologies), terminal transferase (New England BioLabs), and gene-specific primers (Table 1) . 5= RACE products were visualized by 1.5% DNA agarose gel electrophoresis, excised, purified with a QIAquick PCR purification kit (Qiagen), and cloned into pCR2.1Topo (Invitrogen). Subsequent plasmids were purified with the QIAprep Spin Miniprep kit (Qiagen) and sequenced with a BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems). Sequence alignment of 5= RACE products against the USA300 genome (GenBank accession no. NC_007793) was performed with the nucleotide basic local alignment search tool.
Purification of SaeR and EMSAs. Purification of recombinant SaeR (SaeR His ) was performed as previously described (14) . Briefly, expression of SaeR His was achieved with saeR-specific primers and a Champion pET Directional TOPO Expression kit (Invitrogen). Escherichia coli BL21 cells transformed with the pET100D vector containing saeR were grown at 37°C with agitation in 4 liters of LB to an OD 600 of 0.8, induced with 0.5 mmol/liter isopropyl-␤-D-thiogalactopyranoside (IPTG), and grown for 6 more h. Cells were harvested by centrifugation (4,000 ϫ g at 4°C for 10 min), resuspended in 20 mmol/liter Tris at pH 8 (Tris-HCl), and then lysed via sonication on ice for 15 min. After lysed cells underwent centrifugation (15,000 ϫ g at 4°C for 10 min), samples were resuspended in 60 ml of 8 mol/liter urea-0.5 mol/liter sodium chloride-Tris-HCl, sonicated on ice for 15 min, and purified by nickel-nitrilotriacetic acid affinity (Qiagen) and DEAE cellulose anion-exchange chromatography (GE Healthcare) with a BioLogic LP chromatography system (Bio-Rad). Purified SaeR
His underwent dialysis with 3 liters of Tris-HCl and was concentrated with a Centricon Plus 20 centrifugal filter (Millipore). The concen- His was determined with a Micro BCA protein assay kit (Pierce). Electrophoretic mobility shift assays (EMSAs) were performed as described previously (14, 30) , with primers and probes in Table 2 . The indicated concentrations of SaeR His were combined with 0.5 pmol of 6-carboxyfluorescein (FAM)/nuc promoter, 500 ng of salmon sperm DNA, and (when indicated) either 2.5 or 25 pmol of the unlabeled probe sequence in 20 l of binding buffer (100 mmol/liter potassium chloride, 1 mmol/liter EDTA, 0.1 mmol/liter dithiothreitol, 5% [vol/vol] glycerol, 10 ng/ml bovine serum albumin) and incubated at room temperature for 15 min. Samples were run on a 10% native gel in 1ϫ Tris-acetate-EDTA with 50 mM KCl (pH 7.8) and visualized with a Kodak Image Station 2000MM with excitation at 465 nm and a 535-nm filter.
Mouse infection models. All animal studies were performed in accordance with the National Institutes of Health guidelines and were approved by the Animal Care and Use Committee at Montana State UniversityBozeman. For the peritonitis model, male and female BALB/c mice (8 to 10 weeks old) were purchased from commercial sources and the Montana State University Animal Resource Center. All mice were inoculated via the intraperitoneal route with ϳ5 ϫ 10 7 S. aureus bacteria harvested at the mid-exponential growth phase as described previously (31) . To determine bacterial burdens, mice were sacrificed at 8 h postinfection and the peritoneal cavity was washed with 10 ml of sterile Hanks' balanced salt solution with an 18-gauge needle and a 10-ml syringe, diluted in distilled water (dH 2 O), and plated on TSA plates. To determine S. aureus burdens in tissues, hearts and kidneys were aseptically removed (8 h postinfection), washed in dH 2 O, homogenized in dH 2 O, and then plated on TSA. For enumeration of CFU, TSA plates were incubated overnight in 37°C and CFU were counted the following day. Separate experiments were used to assess Nuc activity following S. aureus infection by FRET analysis (described above) of peritoneal wash fluids.
Statistical analyses. All data sets were analyzed with GraphPad Prism, version 5.0 (GraphPad Software, San Diego, CA). All mouse data sets were analyzed with paired t tests on a log scale. A one-way analysis of variance (ANOVA) with Tukey's posttest was used to analyze the expression of the nuc gene by using superfolder green fluorescent protein (sGFP) promoter expression. In bar graphs, error bars represent the standard errors of the means.
RESULTS
nuc expression is controlled by SaeRS. We recently presented preliminary observations that S. aureus nuc gene expression was not under agr quorum-sensing system control at the transcriptional and posttranscriptional levels (9) . Microarray studies have suggested that the SaeRS two-component regulatory system controls the transcription of nuc (14, 15, 17) . To gain insight into the role of SaeRS in nuc gene regulation, a time course study was performed in the WT LAC, ⌬saeQRS::Spc (sae mutant), and ⌬agr::Tet (agr mutant) backgrounds containing a nuc promoter-GFP fusion plasmid (pCM20). At each time point, nuc gene expression was significantly reduced in the sae mutant, but not in the agr mutant, compared to that in the WT (Fig. 1A) , providing a strong indication that regulation of nuc occurs through SaeRS. A EMSA probes agrB promoter top 5=-ATTTAACAGTTAAGTATTTATTTCCTACAGTTAGGCAATATAATGATAAA-3= agrB promoter bottom 5=-TTTATCATTATATTGCCTAACTGTAGGAAATAAATACTTAACTGTTAAAT-3= sbi promoter top 5=-CACTAGTTAATCTATTAGTTAACATTAGTTAATAATTAGTTAATTTCCAT-3= sbi promoter bottom 5=-ATGGAAATTAACTAATTATTAACTAATGTTAACTAATAGATTAACTAGTG-3= hla probe top 5=-AAATCAATTAATTAACTATTAAATAAAAATTAACTATATATTAACTAGTG-3= hla probe bottom 5=-CACTAGTTAATATATAGTTAATTTTTATTTAATAGTTAATTAATTGATTT-3= FAM/nuc promoter bottom 5=-FAM/AATTCTACATTTTTACAATTAATTAATAAAAATTTAATAATTATAATAAA-3=
TaqMan gyrB fwd 5=-CAAATGATCACAGCTTTGGTACAG-3= gyrB rvs 5=-CGGCATCAG TCATAATGACGAT-3= gyrB probe 5=-AATCGGTGGCGACTTTGATCTAGCGAAAG-3= hla fwd 5=-CAACAACACTATTGCTAGGTTCCATATT-3= hla rvs 5=-CCTGTTTTTACT GTAGTATTGCTTCCA-3= hla probe 5=-ATGAATCCTGTCGCTAATGCCGCAGA-3= nuc fwd 5=-ATATGGACGTGGCTTAGCGT-3= nuc rev 5=-TGAATCAGCGTTG TCTTCGCTCCA-3= nuc probe 5=-ACGAAGCTTTAGTTCGTCAAGGCTTGGC-3=
a HindIII and BamHI restriction digest sites are underlined.
sigB mutant was included as a control since nuc transcription and Nuc enzyme activity are increased in this mutant (9, 32) , and indeed, GFP expression was increased in this mutant. To further confirm the influence of SaeRS on nuc gene expression, a TaqMan real-time PCR assay was used to compare nuc transcription during the in vitro growth of the WT LAC, sae mutant, and sae-complemented strains (Fig. 1B) . Similar to the reporter fusion experiments (Fig. 1A) , nuc expression was differentially regulated by saeRS in vitro during both exponential-phase growth and early stationary-phase growth. Nuc enzyme levels are dependent on SaeRS and not agr. To extend the nuc regulation studies to functional protein assays, immunoblot assays and enzyme activity measurements were performed in parallel with the WT LAC, mutant, and complemented strains. Alpha-toxin (Hla), a well-described secreted virulence determinant that is posttranscriptionally regulated in S. aureus (33) , was used as a control in the immunoblot assay experiments (Fig. 2A) . In accordance with previously published data (25, 28) , both the sae and agrA mutants did not produce alpha-toxin unless complemented. Similar to the observations in Fig. 1 , Nuc protein was absent in the sae mutant immunoblot assay (Fig. 2B) , and enzyme activity was down 80-fold compared to that of the WT (Fig. 2C) . With an saeRS-complementing clone, Nuc protein levels and activity were partially restored ( Fig. 2B and C) . In contrast, Nuc activity levels were unaffected by an agrA mutation or complementation of the mutation (Fig. 2C ).
To further demonstrate that SaeRS influences Nuc protein production in diverse strains, immunoblot assays were performed with a series of representative isolates containing sae and agr mutations. The strain backgrounds included were WT LAC, USA400 (MW2), USA200 (UAMS-1), Newman, and COL (Fig. 2D) . In every strain background tested, the production of Nuc was dependent on SaeRS and independent of the agr system, providing additional evidence that Nuc production is under SaeRS control. Collectively, these data, in combination with gene expression studies (Fig. 1) , demonstrate that the SaeRS regulatory system is essential for the production of the functional Nuc enzyme across S. aureus genetic backgrounds.
In vivo Nuc production is dependent on SaeRS. To determine if Nuc activity is controlled in vivo in an SaeRS-dependent manner, we analyzed Nuc activity in mice infected intraperitoneally with USA300 (WT LAC) and isogenic agr, sae, and nuc mutants. Nuc activity was detected by the FRET activity assay in peritoneal fluids from all mice infected with WT LAC, as well as the agr mutant, at 8 h postinfection (Fig. 2E) . In contrast, the Nuc activity in the peritoneal fluid of mice infected with the sae mutant was only 10% of the WT LAC level. Decreased Nuc activity in the sae mutant was not due to a reduced bacterial burden at the time of harvest (see inset). As a control, we included the nuc mutant and, as expected, this strain had 1.7% of the activity of the WT (lower than that of the phosphate-buffered saline control), demonstrating the specific nature of the FRET assay in host samples. Taken WT LAC and sae, agr, and sigB mutant strains. The WT strain with the empty vector was included as a negative control. GFP fluorescence was measured at 8, 12, 24, and 30 h and normalized to cell growth. Each value is the mean of three independent replicates, and error bars indicate the standard error of the mean. For statistical analysis, a one-way ANOVA was performed; statistical significance (P Ͻ 0.01) is indicated by an asterisk. (B) Relative nuc gene expression in USA300 strains grown in vitro. Data are normalized to gyrB transcript abundance, and n-fold change is relative to sae. WT LAC (black bars), the sae mutant (red bars), and the complemented (Comp) mutant strain (gray bars) were grown in TSB, and nuc expression was analyzed during mid-exponential-phase and early stationaryphase growth. Data are from two biological repetitions assayed in triplicate by TaqMan reverse transcription-PCR.
together, these findings demonstrate that SaeRS is essential for Nuc production in vivo during infection.
SaeR binds directly to the nuc promoter. To determine if nuc expression is directly regulated by SaeR, promoter mapping and EMSAs were performed. 5= RACE identified the transcriptional start site of nuc 22 bp upstream of the methionine start codon (Fig. 3A) . With the SaeR recognition sequence obtained from previous studies (14) , the putative binding site was identified upstream of the transcription start site (yellow in Fig. 3A) . EMSA analysis demonstrated that recombinant SaeR binds the nuc promoter specifically and in a concentration-dependent manner. Unlabeled probes containing the defined SaeR-binding sites for the nuc, hla, and sbi promoters (14) successfully competed for SaeR versus the nuc promoter. As expected, titration of the unlabeled agrB promoter, which does not contain the SaeR-binding site, had no effect on the SaeR shift of the nuc promoter (Fig. 3C) . The observed binding of SaeR to the nuc promoter is weaker than its binding to the hla and sbi promoter regions. This reduced affinity may be due to the binding conditions tested since SaeR was not phosphorylated in our assays and phosphorylation can affect binding affinity (34) . Alternatively, reduced binding could be due to lower homology to the SaeR consensus sequence in the nuc promoter region (14, 34) .
Nuc contributes to pathogen survival during invasive disease. To date, the role of Nuc in staphylococcal pathogenesis is incompletely defined. Secreted DNase produced by Streptococcus pyogenes has been shown to be important in pathogen dissemination (35) , and we addressed the potential role of Nuc in USA300 pathogenesis by using a mouse model of peritonitis. Mice were infected intraperitoneally with WT and nuc mutant USA300. Bacterial burdens in the heart, kidneys, and peritoneum were determined after 8 h. The nuc mutation resulted in statistically significant decreases in the numbers of CFU recovered from all of the locations sampled (Fig. 4A to C) , demonstrating that Nuc contributes to S. aureus pathogenesis by promoting bacterial survival. These data support the earlier observation made during analyses of Nuc expression in the peritoneum that demonstrated reduced bacterial recovery (from the peritoneum) in mice infected with the nuc mutant (Fig. 2E, inset) .
Contribution of SaeRS to Nuc variance across S. aureus strains. Knowing that nuc expression is dependent on the SaeRS regulatory system, we extended our analysis to investigate whether we could identify strains with altered levels of Nuc production among a collection of clinical isolates. A set of 11 USA300 strains that have been characterized by epidemiological, virulence, and molecular profiles (described in reference 3) were subjected to Nuc activity assays and protein immunoblot assays (Fig. 5) , and the WT LAC and nuc mutant strains served as controls. Ten of these USA300 strains possessed high Nuc activity (750 to 1,250 U/ml) and were indistinguishable in the immunoblot assay. The lone exception was strain 18805, an endocarditis isolate with an unusual spa type of 168 (3). Nuc activity in 18805 was ϳ20-fold lower than that of other USA300 strains, and the protein was not detectable by immunoblot assay (Fig. 5) . Even though this strain was isolated from an endocarditis patient, 18805 has been shown to be attenuated in a model of invasive infection (16) , which sup- 7 CFU of WT USA300 or isogenic agr, sae, and nuc mutants. Nuc activity in peritoneal fluids was assayed at 8 h postinfection with a FRET assay (n ϭ 5 mice per strain for the WT and the agr and sae mutants and 4 mice for the nuc mutant). P values were determined by paired t test. PBS, phosphate-buffered saline. The inset shows the number of CFU recovered from mice at the time of peritoneal fluid harvest. ***, P ϭ 0.001 (determined by paired t test). ports our finding that nuc contributes to pathogen survival following peritonitis (Fig. 4) . To determine if reduced Nuc activity in 18805 was due to saeRS, we sequenced the saeRS genes. Surprisingly, we identified a 15-bp deletion within the 18805 saeR gene, from nucleotide 145 to nucleotide 159, deleting five codons that encode SaeR residues VLDIM (Fig. 6A) . This VLDIM deletion encompasses the predicted aspartate-receiving residue (D51) on the basis of response regulator alignments (22) , presumably rendering SaeR nonfunctional. When a plasmid expressing a USA300 WT sae locus (from strain LAC) was transformed into 18805, the Nuc expression phenotypes were repaired (Fig. 6B) , indicating that the defect in Nuc production is due to the saeR 15-bp deletion.
To further analyze the role of SaeRS in nuc expression, we measured Nuc activity in seven additional strains representing diverse genetic backgrounds. Within this set, 2039, 21141 (Mu50), 21157 (USA600), and 21189 (RN1) all displayed activity levels of Ͻ380 U/ml and almost no protein in the Nuc immunoblot assay (Fig. 5) . After sequencing of the saeRS genes in these isolates, the Mu50 and USA600 strains were found to have N227S and E268K polymorphisms in the SaeS histidine kinase. Similarly, as shown in Fig. 2D , USA400 (MW2) has lower Nuc activity (ϳ200 U/ml) and its SaeS kinase possesses the same N227S and E268K polymorphisms. The USA300 strains sequenced with high Nuc production did not possess amino acid diversity in SaeRS. Therefore, we speculated that these SaeS differences could be responsible for the low Nuc activity levels in these strains. To investigate this question, low-copy-number complementation plasmids encoding the WT LAC and MW2 (USA400) versions of the saePQRS locus were constructed, and on the basis of sequencing, the resulting complementation plasmids were identical except for the polymorphisms in SaeS. The LAC sae and MW2 sae mutants were transformed with either the USA300 or the USA400 complementing plasmid and assayed for Nuc activity and protein production (Fig. 6B) . However, these data did not reveal noticeable effects on Nuc levels with either plasmid construct or cross-complementation of the sae loci in each strain background. Our findings suggest that the differences in Nuc production in these strains are due to factors that are independent of the sae locus.
DISCUSSION
In this study, we investigated the regulation and in vivo function of the secreted Nuc of S. aureus. Despite numerous previous reports that Nuc is under agr quorum-sensing system control (11-13), we Sequence results generated by 5= RACE with nuc-specific primers in Table 2 . The nuc transcript start site (ϩ1) and putative Ϫ10 and Ϫ35 promoter regions are underlined. The Nuc start codon is in green, and the nuc promoter probe sequence were infected intraperitoneally with ϳ5 ϫ 10 7 WT LAC or nuc mutant bacteria for 8 h. Peritoneum (A), kidney (B), and heart (C) bacterial burdens were enumerated. Data are from two separate experiments with seven or eight mice per group. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001 (determined by paired t test).
compiled strong evidence that the SaeRS two-component system is the dominant regulator of nuc expression both in vitro and in vivo during invasive disease and we demonstrated that SaeR binds directly to the nuc promoter. Our findings also demonstrate that Nuc is an SaeRS-dependent virulence factor important for S. aureus pathogenesis. These findings correlate well with a recent study that demonstrated a defect in the dissemination of an sae mutant in a peritoneal model similar to what we observed with nuc (31), further supporting the concept that Nuc is a key effector of invasive disease. This work also builds on an earlier report that Nuc is important for USA300 immune evasion and lung infection (8) .
The discovery that secreted Nuc levels correlated with SaeRS Table 1 for more information on the strains.
FIG 6
The 18805 strain saeR mutation and complementation studies of SaeRS polymorphisms. (A) Schematic of the natural saeR mutation in strain 18805 compared to USA300 WT LAC. (B) The WT LAC and MW2 (USA400) strains with sae mutations and natural saeR mutant 18805 were transformed with a plasmid expressing either the WT LAC or the USA400 saePQRS locus. Nuc enzyme activity was measured (top plot), and Nuc immunoblot assays were performed (bottom).
function facilitated the testing of genetically distinct S. aureus isolates. Of 11 well-characterized USA300 isolates (3), 10 secreted high levels of Nuc enzyme (Fig. 5) . Notably, one of these 10 isolates, 18811, is a known agr point mutant (3), which again supports our observation that agr is not a significant regulator of Nuc. In the USA300 strain set, the most intriguing isolate was 18805, a strain known to be defective in a murine sepsis model (3). We observed that 18805 also failed to produce Nuc (Fig. 5) , and surprisingly, our studies revealed that the saeR gene contained a 15-bp deletion across the encoded aspartate receiver (D51) that likely inactivated the signal transduction system (Fig. 6A) . Therefore, the saeR mutation is presumably the explanation for why strain 18805 is defective in alpha-toxin production (3) since saeRS has been shown to be essential to Hla expression (14, 36) . Additionally, it is likely why 18805 is attenuated in invasive infection (3) since SaeRS is essential to S. aureus pathogenesis during invasive disease (14, 15) . In the absence of a functional SaeRS system, how strain 18805 was able to cause infective endocarditis in a patient is not clear. Biofilm disease is known to increase mutation rates and result in the generation of spontaneous genetic variants (37) , and it is possible that the saeR mutation arose during the course of infection. Extending our analysis to a broader strain set, strains Mu50, USA600, and USA400 (MW2) all produced noticeably less Nuc than USA300 strains did ( Fig. 5 and 6 ). We speculated that the difference could be due to the polymorphisms identified in the SaeS sensor kinase (N227S and E268K), but follow-up complementation experiments failed to support this hypothesis. These data warrant further investigation and suggest that other factors in the genetic background, or the basal level of SaeRS function, likely contribute to Nuc expression in these strains. Collectively, these results identify Nuc as an effector of the SaeRS virulence phenotype, furthering our understanding of the role of this two-component system during staphylococcal disease. Relating these observations to biofilm infections, we recently demonstrated that S. aureus Nuc secretion controls biofilm remodeling (9) . In preliminary tests, we observed increased biofilm biomass with an sae mutant and an increase in high-molecularweight extracellular DNA accumulation (data not shown), both paralleling the reported nuc mutant phenotypes (9) and indicating that Nuc is the biofilm effector for the SaeRS system. Multiple recent studies with Streptococcus pyogenes and Streptococcus pneumoniae demonstrated that secreted Nuc enzymes are important for immune evasion and pathogenesis (35, 38, 39) . Coupled with our findings on S. aureus Nuc and those of others (8) , it is evident that Nuc is a virulence factor conserved across the Gram-positive cocci. However, more studies are needed to determine its precise role in different types of staphylococcal infections.
